troke due to atherosclerosis is among the leading causes of death and disability worldwide, with estimated direct and indirect costs in 2010 of $73.7 billion in the United States alone. 1 Although stenotic narrowing of major vessels, including the carotid artery, is a clear risk factor for stroke, many pathologic studies have concluded that certain high-risk features of culprit atherosclerotic plaques themselves should also play a role in assessing the risk of cardiovascular events. Specifically, vulnerable lesions are typically characterized by a thin fibrous cap separating a lipid-rich necrotic core from the lumen. [2] [3] [4] In addition, the presence of intraplaque hemorrhage is associated with Bernard Chiu, PhD, Vijay Shamdasani, PhD, Robert Entrekin, MS, Chun Yuan, PhD, William S. Kerwin, PhD Received February 3, 2012, 
plaque progression and inflammation, which further contribute to the instability of the lesion. 5, 6 The importance of plaque composition in assessing risk has led to efforts to use noninvasive imaging to identify plaque components. In the carotid artery, "multicontrast" magnetic resonance imaging (MRI), which takes advantage of the ability of MRI to acquire multiple images by exploiting different contrast mechanisms, has been widely validated for plaque characterization. 7, 8 Identifiable characteristics include fibrous cap conditions, 9 the size of the lipid-rich necrotic core 10 and intraplaque hemorrhage. [11] [12] [13] However, because of its cost and availability, the use of MRI in monitoring a large number of asymptomatic patients or in large-scale clinical trials is limited.
On the other hand, ultrasound imaging has been developed as a cost-effective atherosclerosis measurement tool, which has been used in obtaining measurements of the total plaque area and volume and vessel wall volume. 14 Many studies have evaluated the use of B-mode ultrasound imaging in identifying plaque components (Table 3 in Gronholdt 15 ). These studies suggested that hypoechoic plaques are associated with a high content of lipid and hemorrhage, whereas hyperechoic plaques contain fibrous tissue and calcification. The appearance of plaques under ultrasound imaging has also been classified as homogeneous and heterogeneous. Many studies suggested that heterogeneous plaques are associated with intraplaque hemorrhage [16] [17] [18] [19] and calcification, 20, 21 whereas homogeneous plaques are primarily composed of dense fibrous tissue. 19, 22 Although these studies gave evidence that plaque components can be identified from ultrasound images, studies by Arnold et al 23 and van Swijndregt et al 24 suggested that these techniques lack sufficient intra-reader and inter-reader reproducibility for broad use.
Nevertheless, emerging technologies may lead to a viable ultrasound-based plaque characterization approach. For example, contrast-enhanced ultrasound imaging has played an important role in improving the visualization of the carotid lumen, thereby facilitating the assessment of plaque surface morphologic characteristics and the underlying ulcerations. 25, 26 Contrast-enhanced ultrasound imaging has also been widely used to identify and quantify neovasculature, [26] [27] [28] [29] an established predictor for vulnerable plaques in cerebrovascular patients. 30 Also, radiofrequency analysis in intravascular ultrasound has been used for identification of calcification and fibrosclerotic components. 31 These and other approaches are under investigation for use with noninvasive B-mode ultrasound imaging.
To facilitate these investigations, a reference standard for plaque composition is needed. Because multicontrast MRI has been validated by comparison with histologic specimens, 7, 32, 33 we can use plaque components identified from MRI as a reference in our ultrasound plaque component analysis. Past comparisons of MR and ultrasound measurements have typically examined the mean vessel wall area and thickness, which did not require precise spatial matching. 34, 35 Krasinski et al 36 considered spatial matching in their comparison study of local vessel wall thickness distributions measured by MRI and 3-dimensional (3D) ultrasound imaging, but only by visually aligning flattened 2-dimensional (2D) maps. 37 To our knowledge, there has been no comparison performed for plaque composition.
This pilot study investigated the feasibility of ultrasound plaque characterization using MRI as a reference. The crucial component of such an analysis is a 3D registration algorithm that has the capability of aligning plaque components as detected in an MR image with the corresponding 3D ultrasound image. A few registration methods have been developed for ultrasound and MR carotid images and reported in the literature. Yang et al 38 used a 2D transducer with a magnetic position sensor mounted on it to reconstruct a 3D ultrasound image, which was then registered with an MR image. The ultrasound imagetracking system used in that study is not readily available, and the operator has to receive intensive training before being able to use the equipment in clinical settings. Glor et al 39 reconstructed the centerline of the vessel from MR and ultrasound image boundaries and then applied a rigid transformation to minimize the summed squared distances between the two centerlines. Image-based registration techniques have also been proposed to register carotid ultrasound and MR images. However, these methods tend to be computationally intensive and time-consuming. 40, 41 In this article, we propose a surface-based segmentation method, which is much less time-consuming than voxelbased approaches. Segmented surfaces required for a surfacebased registration method can be readily reconstructed from contours segmented from the MR images. 42 After describing the registration results, we will make observations and conclusions about local intensity distribution of different plaque components as they appeared on ultrasound images. Figure 1 shows the schematic diagram of the proposed algorithm. A detailed description of each step of the algorithm is provided in this section. A phantom study was performed to validate the registration accuracy of the algorithm, and an in vivo study involving 3 patients was performed to identify ultrasound signal characteristics associated with different plaque components. The blocks with a dotted line in Figure 1 represent steps that were not required in the phantom study.
Materials and Methods

Magnetic Resonance Image Acquisition
A standardized multiconstrast carotid MRI protocol 43 was used to obtain T1-, proton density-, and T2-weighted black-blood images and time-of-flight bright-blood angiographic images. Axial images with an in-plane resolution of 0.62 × 0.62 mm 2 were acquired with a 1-mm slice thickness for time-of-flight images and a 2-mm slice thickness for all other images in the protocol.
Ultrasound Image Acquisition
The 3D ultrasound data were acquired with a VL13-5 transducer and an iU22 ultrasound machine (Philips Healthcare, Andover, MA). The VL13-5 transducer is a mechanical 1-dimensional array transducer with a center frequency of 7.5 MHz. The axial, azimuthal, and elevational resolutions at different penetration depths of this transducer are tabulated in Table 1 . The transducer captures 3D echo volumes by sweeping the neck of patients along the longitudinal axis of the artery. The transducer was positioned such that center slice of the volume was positioned at the plaque, most commonly located in the vicinity of the carotid bifurcation. Images acquired are processed and reconstructed to a 3D Cartesian volume by the ultrasound system using slice position data from the transducer.
Vascular Phantom Construction
The phantom consists of a straight soda straw with a segment branched from the bifurcation. The soda straw was filled with mayonnaise and embedded in gelatin. We have also inserted toothpicks in our phantom to act as fiducials for registration accuracy assessment. We imaged the phantom using the MR and ultrasound imaging protocols described in the above two sections. The phantom was segmented from MR images and reconstructed. Figure 2 shows the reconstructed phantom with each toothpick separately colored. Hereafter, for easy reference, we refer to the segment of the straight straw that is proximal to the bifurcation as the "common carotid artery," which was designed to mimic that artery, and that distal to the bifurcation as the "internal carotid artery," which mimicked that artery. The segment branched from the straight straw is referred to as the "external carotid artery." 
Study Participants
Three patients who were scanned by the MRI and ultrasound imaging protocols described above were involved in this study. These patients are among the patient group involved in a study described by Underhill et al. 42 The details regarding this patient group are briefly summarized here. Individuals with at least 1 carotid artery with 16% to 49% stenosis on duplex ultrasound imaging 44 were recruited from the Diagnostic Vascular Ultrasound Laboratory at the University of Washington Medical Center and the Veterans Affairs Puget Sound Health Care System. The patients were asymptomatic with respect to their carotid disease before enrollment. The study procedures and consent forms were reviewed and approved by the Institutional Review Board.
Outer Wall Segmentation and Component Identification From MRI
In the in vivo study, a reviewer segmented the lumen, outer wall, and component boundaries (lipid-rich necrotic core, calcification, loose matrix, and intraplaque hemorrhage) for each axial MR image using in-house image analysis software (CASCADE 45 ; Figure 3 ). The presence of plaque components was determined with the use of multicontrast imaging criteria previously validated by histologic analysis. 13, 33 In the phantom study, the outer wall and toothpicks were segmented.
Outer Wall Segmentation From 3D Ultrasound Images
In the in vivo study, the media-adventitia boundary was segmented from the 3D ultrasound image using a semiautomated research plug-in in the QLAB software, called PLAQUS (Philips Healthcare). The same method was used to segment the soda straw boundary in the phantom study. The user selected a few key frames in the volume and manually initialized the boundaries. The plug-in then used a region competition algorithm to determine the media-adventitia boundary. The user has the option to modify the results to improve the segmentation accuracy. After the segmentation had been completed on the key frames, the plug-in automatically segmented the mediaadventitia boundary in every ultrasound frame by propagating the boundary from the nearest key frame as the initial boundary and further optimizing the boundary with the region competition algorithm.
Surface Registration
The outer wall contours on MRI and ultrasound imaging were reconstructed to 3D surfaces by the surface reconstruction algorithm introduced by Chiu et al. 46 The carotid bifurcations on these two surfaces were manually aligned. The optimal rotation required to register the two surfaces was determined by a modified version of the iterative closest point algorithm. 46, 47 In each iteration of the iterative closest point algorithm, after the corresponding relationshipbetween the points associated with the source, , and those associated with the target, , was established, the centroid of the two sets of points, denoted by and , was aligned, resulting in two sets of new coordinates:
The algorithm proposed by Horn 48 was then used to compute the optimal rotation, R, which maximizes the following cost function: (2) .
In our application, aligning two sets of data points before finding the optimum rotation is not appropriate because the vertical length of the carotid arterial wall surface is dependent on the coverage of the ultrasound and MR images and on where the observer chooses to start the segmentation. Thus, instead of aligning the centroids, the manually chosen bifurcations, s b and t b , were aligned (ie, and were replaced by s b and t b , respectively, in Equation 1).
The iterative closest point algorithm iteratively minimizes the root mean square of the distances between matched points on the two surfaces until the root mean square is below a preset threshold, which was set at 10 4 mm, to find the optimal rigid body transformation. An example registration result is shown in Figure 4 , where the red surface represents the outer wall surface segmented from the 3D ultrasound image, and the white surface is the outer surface segmented from the MR image. The resulting transform was applied on the ultrasound volume, producing a 3D ultrasound image that is registered to the MR image.
Image Reslice and Slice-by-Slice Editing
The registered ultrasound image was resliced with the vtkImageReslice class of the Visualization Toolkit 49 to match the orientation of MR axial slices and displayed together with the multicontrast MR images. In Figure 3 , the resliced ultrasound image is shown in the bottom right box. The component contours obtained from MR axial slices were superimposed on the ultrasound axial slices. Using an inhouse software package (CASCADE), a user can modify the registration result by shifting the ultrasound axial slices. 45 
Ultrasound Image Plaque Component Characterization
After the manual adjustment, the component contours were reconstructed into surfaces by the model described by Kerwin and Yuan. 50 This method generates and interpolates a membership function (equal to 1 within a contour and 0 outside a contour) onto a dense grid for each contour type. The marching cube algorithm 51 was then used to extract the surface corresponding to the boundary of the tissue type (see Figures 6g, 7f, and 8g) .
Because the intensity of ultrasound images depends on user-adjustable parameters, such as the time-gain control and the overall gain settings, we standardized images by normalizing with respect to the intensity in the blood and adventitia regions as was done in previous studies. [52] [53] [54] The blood and adventitia regions were chosen, and the average gray-scale values enclosed by these two regions were assigned values of 0 and 200, respectively. The linear scaling factor was computed with these two reference points.
We performed two analyses on the scaled gray-scale intensity of each component: 1. For each patient, the gray-scale average and standard deviation of the pixel enclosed by the surface of each component were computed and reported. 2. Each 2D transverse slice of the 3D ultrasound image was treated individually. On each 2D slice, we computed the average intensity of the pixel enclosed by each component. One-way analysis of variance was then applied to test the null hypothesis that the mean intensities associated with different components were equal. If the null hypothesis was rejected, the Tukey test would be used for pair-wise comparison between mean gray-scale intensities associated with different components. 55 
Results
Registration Accuracy for the Phantom Study
The first data column of Table 2 shows the registration accuracy associated with the phantom. We found the closest points between the MR and ultrasound image surfaces and quantified the registration error by taking the average distance between each pair of corresponding points. Figure  5 shows registered image slices of time-of-flight and ultrasound images at a 4-mm interslice interval, with the location index indicating the relative location of each slice to the bifurcation. The color scheme used is the same as in Figure 2 . The blue contours represent the soda straw boundaries segmented from the MR images, and the red contours represent the contours segmented from the ultrasound images. Each toothpick was separately colored. These contours are overlaid on both the ultrasound and MR images for visual assessment of the registration accuracy. It can be observed from Figure 5 that the edge of the soda straw imaged by ultrasound is blurred. The segmented boundaries in the ultrasound images were therefore larger than those in the MR images. This effect is more pronounced in the internal and external carotid arteries, resulting in a higher registration error (Table 2) . Table 2 shows the registration error associated with the 3 patients investigated in this study. We measured the errors before and after the manual in-plane adjustment. It was not always possible to correct the alignment of the internal and external carotid arteries simultaneously. In this case, we only aligned the internal carotid artery without considering the registration accuracy of the external carotid artery because plaque components were only studied at the common and internal carotid artery branches in an MR image. Table 2 shows that the registration accuracy of the internal carotid artery always improved after manual shifting adjustment, and the registration accuracy of the common carotid artery either stayed the same or improved after the adjustment. Figure 6 shows contiguous axial ultrasound images acquired from patient 1, in whom at least 1 type of plaque component was located. The axial slices shown in Figure 6 have an interslice distance of 2 mm. We used the following color code in Figures 6-8 : purple, loose extracellular matrix; yellow, lipid-rich necrotic core; dark blue, calcification; light blue, outer wall; and red, lumen. The loose matrix is shown in Figure 6 , a-c, to be anechoic on the ultrasound images. The loose extracellular matrix is a product of wound healing after vessel wall surface disruption in atherosclerosis. The early stage of this process involves a jellylike material called hyaluronan, which draws large amounts of water into the extracellular structure, allowing it to resist compression forces. The loose extracellular matrix detected by MR imaging may be at this early stage of wound healing. Therefore, the structure is watery and appears anechoic on the ultrasound images. Calcification is shown in Figure 6 , b, c, e, and f. Calcification is highly reflective of the ultrasonic signal. As expected, the calcified regions in Figure 6 , c, e, and f, appear hyperintense. However, the calcified region in Figure 6b does not align with the bright spot nearby, possibly because of distortion in the geometry of the carotid artery caused by nonrigid twisting of the neck as required in ultrasound image acquisitions. The lipid-rich necrotic core region superimposed on Figure  6 is not associated with any special intensity pattern on the ultrasound images. Figure 7 shows contiguous axial ultrasound images acquired from patient 2. The lipid-rich necrotic core regions appear anechoic in Figure 7 , a-c, which agrees with previous studies. 18, 21, [56] [57] [58] [59] However, it is difficult to identify the lipid-rich necrotic core from the ultrasound intensity pattern shown in Figure 7 , d and e. The contrast between blood and the vessel wall in Figure 7 , d and e, is markedly lower than that in Figure 7 , a-c. The fanlike sweeping mechanism implemented in the VL13-5 transducer plays a role in the decrease of the image quality distal to the bifurcation. The transducer scans the distal internal and external carotid arteries at an oblique angle. The nonperpendicular incidence of the ultrasound beam at these positions degrades the image quality. In addition, the resolution degrades as the penetration depth increases ( Table 1 ). The vessel gets progressively deeper under the neck surface as it becomes more distal from the bifurcation, which also contributes to the decreased image quality. Also, our observation of Figure  7c suggests that intraplaque hemorrhage cannot be distinguished from the lipid-rich necrotic core, supporting the conclusion made by previous studies. 58, [60] [61] [62] Figure 8 shows contiguous axial ultrasound images acquired from patient 3. The carotid plaque in this patient is heavily calcified. In this case, the dense calcified plaque along the near wall (with respect to the transducer) causes acoustic shadowing and obscures the images of the far wall. Table 3 shows the average and standard deviation of the gray-scale value of pixels enclosed by each component in each patient. The property of the calcified plaque in patient 1 is different from that in patient 3. The calcified plaque of patient 3 is larger (Figure 6 versus 8) , the surface of which reflected most of the energy of the ultrasound beam, producing an acoustic shadow distal to the calcified plaque surface, which results in the high standard deviation in the ultrasound intensity. Results in patient 2 provide quantitative evidence that it is difficult to distinguish between the lipid-rich necrotic core and intraplaque hemorrhage. The loose matrix is uniformly anechoic with a low standard deviation in the ultrasound intensity.
Registration Accuracy for the In Vivo Study
Intensity of Plaque Components on Ultrasound Images
The average pixel intensity of each component was computed on a slice-by-slice basis and is plotted in Figure 9 . The mean intensity associated with calcification is the highest, followed by the lipid-rich necrotic core, and the loose matrix is associated with the lowest mean intensity. One-way analysis of variance was performed to test whether to accept or reject the null hypothesis that the mean intensities associated with calcification, the loose matrix, and the lipid-rich necrotic core were equal. The null hypothesis was rejected at a .05 significance level (P = .025). Table 4 shows the results of the Tukey multiple comparison test for the mean gray-scale intensity associated with different components. The Tukey test showed a significant difference between the mean grayscale intensity associated with calcification and the loose matrix but not between calcification and the lipid-rich necrotic core or between the loose matrix and the lipid-rich necrotic core.
Discussion
In this study, we developed a 3D surface-based registration method in which the 3D ultrasound images are aligned and resliced to match the 2D MR images. It is important to note that because 3D ultrasound images were available in this study, we were able to obliquely reslice the 3D images to obtain slices that corresponded to the 2D MR images according to the registration results. This operation would not have been possible if only 2D ultrasound images were available. We proposed a rigid surface-based algorithm with the consideration that the carotid arteries of the patients we investigated were stiff because of advanced atherosclerosis. The relationship between the stiffness of the carotid artery and the stage of carotid atherosclerosis has been shown in a previous investigation. 63 Therefore, the accuracy associated with the automated rigid registration was already high, as tabulated in Table 2 . However, even if the rigid registration does not perform well, we have a mechanism in place that allows a user to load ultrasound images into an in-house software framework (CASCADE) and make an in-plane adjustment. This in-plane adjustment effectively amounts to nonrigid registration. Results show that the registration accuracy has been greatly improved in the internal carotid artery region after user editing has been performed. The registration accuracy in the internal carotid artery region is important because component identification on MR images was only done in the internal carotid artery. It is also shown in Table 2 that the average registration error of the phantom experiment was lower than the axial and azimuthal resolutions of the ultrasound transducer, and that of the in vivo studies was close to the axial and azimuthal resolutions of the ultrasound images except for patient 3. The ultrasound image acquired for this patient was degraded by acoustic shadowing caused by the heavily calcified plaque. However, the average registration error associated with this image is still comparable to the elevational resolution of 1 mm at a 2-cm penetration depth.
Because we found that the lipid-rich necrotic core and intraplaque hemorrhage cannot be distinguished in ultrasound images, we were able to characterize 3 major plaque components in this study. The lipid-rich necrotic core and intraplaque hemorrhage appear anechoic, but they appear quite a bit brighter than and easy to be separated from the blood, as observed in Figure 7 . The extracellular matrix is an integral part of the wound-healing process and is the result of vascular surface disruption in atherosclerosis. After a surface disruption, a blood clot forms, and smooth muscle cells and fibroblasts enter the clot and form the provisional extracellular matrix. At the early stage, its main component is hyaluronan, which creates a hydrated matrix and facilitates cell migration. 64 The provisional extracellular matrix gets progressively thicker, and eventually its content becomes predominated by collagen. The uniformly anechoic loose matrix observed in patient 1 may have been in the early stage of wound healing. As the wound healing process progresses, the extracellular matrix becomes more fibrous and would appear brighter on ultrasound images, as observed in previous studies. 18, 21, 56, 58, 65, 66 The appearance of calcification depends on its size. If the calcified plaque is small, such as that observed in patient 1, it appears hyperintense and easy to identify on the ultrasound image. If the calcified plaque is large, such as that observed in patient 3, acoustic shadowing occurs, and structures behind the surface of the calcification are completely obscured. Notably, such large calcifications will be difficult to be quantified by ultrasound imaging because the far boundary of the calcification is obscured by the near boundary.
This study had a number of limitations. First, a small group of patients was involved in this pilot study. Although we were able to establish a statistically significant gray-scale intensity difference between calcification and the loose matrix, we were not able to do so between calcification and the lipid-rich necrotic core and between the loose matrix and the lipid-rich necrotic core despite the suggestion from Figure 9 that the 3 components are associated with different mean gray-scale intensity levels. More patients will provide the test with more power, which would result in more decisive conclusions. Nevertheless, the results do show the viability of our registration approach for future validation studies.
Second, the VL13-5 transducer we used is not linear but performs an automated sweep with an angular separation. Because the scan is centered on the plaque that is usually located close to the bifurcation, the transducer The intensity of the ultrasound images was standardized using a scaling factor, which was determined from the assigned intensity value of the blood and the adventitia. The blood and the adventitia were assigned intensity values of 0 and 200, respectively. Cal indicates calcification; IPH, intraplaque hemorrhage; LM, loose matrix; LRNC, lipid-rich necrotic core; and NA, not applicable. interrogates the distal internal and external carotid arteries at an angle that is not perpendicular. The nonperpendicular incidence of the ultrasound beam will degrade the image quality, making segmentation of the lumen and outer wall less accurate. In addition, in a 3D ultrasound image, it is difficult to adjust the time-gain control optimally for each 2D image slice. The user is forced to make a choice of the adjustment based on the central slice of the 3D image, which is usually in the vicinity of the bifurcation. This setting was applied to all image slices acquired in the volume and is typically not optimal at the ends of the 3D volume, where the echoes must travel a longer distance from the distal internal or external carotid artery. However, because most plaques develop in the neighborhood of the bifurcation, it is encouraging to see that the ultrasound images near the bifurcation have sufficient contrast to allow for the classification of the 3 major plaque components investigated in this study. Because of its lower cost and accessibility, ultrasound imaging will remain the first line of defense in the diagnosis of carotid diseases. Duplex ultrasound imaging is now a standard tool used to determine the degree of carotid stenosis. However, it is generally agreed that degree of stenosis is not a good indicator of the risk of stroke. 67, 68 A cost-effective way for identification of vulnerable plaques would have a substantial impact on patient monitoring and treatment. Magnetic resonance imaging has been extensively validated for imaging plaque characteristics and was able to identify the stage of plaques according to American Heart Association criteria, 69 but the cost of MRI is high. As a first step in developing an optimal strategy for combining ultrasound's cost-effectiveness and MRI's plaque characterization ability, we developed a surface-based MRI-ultrasound imaging registration technique to map the plaque component information provided by MRI to the corresponding ultrasound image. Our registration method was shown to have an average error of 0.3 mm in the phantom study and less than 1 mm in the in vivo study. The components identified on MR images correspond to regions on ultrasound images with expected gray scale levels. The framework shown in this study will allow for a large-scale multicenter study of the capabilities of ultrasound imaging as a screening tool for identifying patients with a high stroke risk for whom a thorough MRI evaluation is required.
